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Introduction {#sec1}
============

Normal social behaviors are essential for animals to recognize familiar conspecifics and exhibit normal social interactions ([@bib24], [@bib28]). Many brain regions and neural circuits have been involved in social behaviors ([@bib24], [@bib37]). Specially, recent studies reported that activation of pyramidal neurons in the medial prefrontal cortex (mPFC) that project to subcortical areas or inhibition of pyramidal neurons in the ventral hippocampus (vHIP) that project to nucleus accumbens impaired normal social behavior ([@bib26], [@bib27], [@bib3]). Both human and rodent studies have suggested that GABAergic neurons, especially PV+~mPFC~ (PV+ neurons in mPFC) are essential for normal social behaviors ([@bib14], [@bib15]). The PV+ neuron defects could be observed in postmortem human brain tissue of patients with autism ([@bib14]). Furthermore, recent studies using transgenetic tools and mice demonstrated that disrupting the excitatory-inhibitory balance in the mPFC impaired normal social behavior, whereas activation of PV+~mPFC~ could rescue the social behavior defects caused by excitatory-inhibitory imbalance or in autism model mice ([@bib33], [@bib40]). Anatomical studies have suggested that PV+~mPFC~ could be innervated by pyramidal neurons in vHIP ([@bib34], [@bib12]). Specially, in previous studies, we found that the hippocampal pyramidal neurons that target PV+~mPFC~ tend to send their collateral projections to nucleus accumbens ([@bib34]). Since the hippocampus-nucleus accumbens pathway has been suggested to be highly associated to social memory ([@bib27]), the hippocampus-PV+~mPFC~ projections may also be involved in the expression of social memory. However, how these interactions affect social behavior is unknown.

To address this issue, we employed viral tracing, optogenetics, chemogenetics, and fiber photometry to investigate the connectivity between vHIP and mPFC. The results showed that pyramidal neurons in vHIP can form direct monosynaptic connectivity with three major types of GABAergic neurons in mPFC. Silencing vHIP or vHIP-mPFC pathway disrupted normal social memory expression but did not affect object recognition memory. By manipulating and monitoring the activity of different GABAergic neurons in mPFC during social interactions with inhibition of vHIP, we identified that PV+~mPFC~ were crucial for social behaviors. These results provide a new mechanism of how vHIP-mPFC circuitry regulates social behavior, which can facilitate the study and treatment of social behavior deficits in neuropsychiatric disorders.

Results {#sec2}
=======

Three Major Types of GABAergic Neurons in the mPFC Receive Direct Inputs from vHIP {#sec2.1}
----------------------------------------------------------------------------------

The connections between hippocampus and mPFC have been identified ([@bib29]). To validate the connectivity between hippocampal neurons and different types of neurons in the mPFC, we employed monosynaptic rabies virus (RV) tracing technology ([@bib36]). Briefly, two AAV helper virus that express TVA and rabies glycoprotein were injected into the mPFC of three Cre driver lines that target three major GABAergic neuron types (parvalbumin-expressing, somatostatin-expressing, and vasoactive intestinal peptide-expressing interneurons). The TVA protein provided the receptor for avian sarcoma leucosis virus glycoprotein EnvA-coated RV to enter the Cre-positive neurons, and the rabies glycoprotein provided by AAV can help the rabies glycoprotein gene deficit RV to transfer to the upstream input neurons. After 3 weeks, EnvA-coated RV was injected into the same brain area ([Figure 1](#fig1){ref-type="fig"}A). Ten days later, we found massive neurons in the injection site were infected by AAV and RV ([Figures 1](#fig1){ref-type="fig"}B and 1C). To validate the specificity of the RV tracing, we performed immunostaining at the injection site. We found that the neurons infected by AAV were restricted to specific neuron types ([Figures 1](#fig1){ref-type="fig"}D and 1E). Many upstream brain regions were also infected by RV, including hippocampus ([Figure 1](#fig1){ref-type="fig"}F). Specially, we found that three major GABAergic neuron types in the mPFC received inputs from hippocampus, which was consistent with our previous study ([@bib34]). Moreover, we extracted the somata of hippocampal neurons that target different types of GABAergic neurons in mPFC and registered to Allen brain reference atlas ([Figure 1](#fig1){ref-type="fig"}G). We found that these input neurons of the mPFC distributed along the proximal-distal axis of the hippocampus and intermingled with each other ([Figure 1](#fig1){ref-type="fig"}G). To further confirm the synaptic connectivity between vHIP and different GABAergic neurons in mPFC, we injected AAV2/9-CaMKII-NpHR3.0-YFP into the vHIP and AAV2/9-EF1a-DIO-hCHR2(H134R)-mCherry into the mPFC of different Cre driver lines that target three types of GABAergic neurons ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C). Three weeks later, we found that three types of GABAergic neurons in mPFC were heavily innervated by hippocampal axons ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1F). The somata of GABAergic neurons were surrounded by hippocampal axons ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1F). These results further indicated that ventral hippocampal neurons can form direct synaptic connectivity with different GABAergic neurons in mPFC.Figure 1Hippocampal Neurons Innervated Three Major GABAergic Neuron Types in the mPFC(A) Monosynaptic rabies virus tracing strategy.(B) Injection site at mPFC.(C) Enlarged image boxed in (B), showing the AAV, RV, and double labeling neurons. The double labeling neurons were defined as starter cells.(D and E) Immunostaining against parvalbumin and somatostatin at the injection sites. The TVA-mCherry and EGFP expressed neurons in PV-Cre mice and SST-Cre mice were parvalbumin and somatostatin positive, respectively.(F) Input neurons from hippocampus.(G) Distribution of hippocampal neurons targeted three types of GABAergic neuron in the mPFC. Scale bars in (B) and (F) are 1 mm; scale bar in (C) is 200 μm; scale bars in (D) and (E) are 50 μm.

Inhibition of vHIP or Direct Projection from vHIP to mPFC Impaired Social Memory Expression {#sec2.2}
-------------------------------------------------------------------------------------------

To explore the functional impacts of the vHIP-mPFC pathway on social behavior, we used the optogenetics technology. AAV expressing NpHR3.0 under control of CaMKII promoter was injected into the vHIP bilaterally to silence the activity of vHIP ([Figures 2](#fig2){ref-type="fig"}A and 2B). Previous studies have shown that silencing vHIP can impair social memory ([@bib27]). We assigned the test mice to a similar social discrimination test (SDT) to examine the impairment of social memory after silencing vHIP (20 mW, persistent inhibition) ([Figures 2](#fig2){ref-type="fig"}C and 2D). We found that the test mice preferentially interacted with the novel mice rather than littermates under normal circumstances but when vHIP was silenced, this social preference just disappeared ([Figures 2](#fig2){ref-type="fig"}E--2G), which was consistent with the previous studies ([@bib27]). Furthermore, to examine whether direct projection from vHIP to mPFC was involved in regulating social memory expression, we injected AAV expressing NpHR3.0 under control of CaMKII promoter into the vHIP bilaterally and inhibited the hippocampal fibers in mPFC with 570-nm lasers (20 mW, persistent inhibition). Then we assigned the test mice to SDT to examine the impairment of social memory ([Figures 2](#fig2){ref-type="fig"}H--2J). When hippocampal fibers in mPFC were inhibited, the test mice did lose their social preference toward novel mice ([Figure 2](#fig2){ref-type="fig"}K). Moreover, inhibition of hippocampal fibers in mPFC did not affect the locomotion of mice ([Figures 2](#fig2){ref-type="fig"}L and 2M). Our results suggested that the social memory can be directly transferred from vHIP to mPFC.Figure 2Inhibition of vHIP or the Hippocampal Fibers in mPFC Impaired Social Memory(A) Schematic of the experimental strategy. AAV-CaMKII-NpHR3.0-YFP was injected into vHIP to silence the activity of vHIP.(B) Expression of NpHR in vHIP.(C) Experimental strategy of social discrimination test.(D) Timeline of social discrimination test.(E and F) Position tracking from representative mice during social discrimination test with or without light inhibition of vHIP.(G) Social interaction times with novel mice or littermates with or without light inhibition of vHIP (paired t test, \*\*\*p \< 0.001, control group, n = 14 mice; vHIP inhibition group, n = 15 mice).(H) Schematic of the experimental strategy. AAV-CaMKII-NpHR3.0-YFP was injected into vHIP and the optical fibers was placed in the mPFC to silence the hippocampal fibers in mPFC.(I) Experimental strategy of social discrimination test.(J) The hippocampal axon terminals in mPFC. (J1) Enlarged image boxed in (J).(K) Inhibition of HIP axon terminals in mPFC affects social memory (control group, n = 16 mice; HIP terminal inhibition group, n = 14 mice. paired t test, \*\*\*\*p \< 0.0001).(L and M) Inhibition of HIP axon terminals in mPFC does not affect locomotion (control group, n = 16 mice; HIP terminal inhibition group, n = 14 mice. Unpaired t test). Scale bars in (B) and (J) are 500 μm and in (J1) is 100 μm. ns, no significance. All results are presented as the means±s.e.m.

Inhibition of vHIP Did Not Affect Object Recognition Memory {#sec2.3}
-----------------------------------------------------------

Our results have shown that inhibition of vHIP can cause loss of social preference of mice. To test whether inhibition of vHIP can affect the expression of other types of memory, we also inhibited the activity of vHIP with AAV virus and assigned the test mice to novel/familiar object test ([Figures 3](#fig3){ref-type="fig"}A and 3B). The novel/familiar object test contained three phases: the acquisition phase, memory consolidation, and the test phase ([Figure 3](#fig3){ref-type="fig"}B). In the acquisition phase, test mice were allowed to explore two identical objects for 4 min. Then the test mice were returned to homecage to rest for 10 min for memory consolidation. Ten minutes later, the test mice were assigned to test phase at which the mice were allowed to explore an old object and a novel object for 4 min ([Figure 3](#fig3){ref-type="fig"}B). The laser was delivered in the last 3 min of the test phase to examine whether inhibition of vHIP can disrupt the expression of object recognition memory ([Figure 3](#fig3){ref-type="fig"}C). During the acquisition phase, the test mice showed no preference toward two identical objects ([Figures 3](#fig3){ref-type="fig"}D and 3E). During the test phase, the test mice showed significant preference toward novel object irrespective of whether the vHIP was silenced or not ([Figures 3](#fig3){ref-type="fig"}D--3F), which suggested that silencing vHIP does not affect novel/familiar object recognition memory, which was consistent with previous rat behavioral studies ([@bib25], [@bib2]). Although the locomotion of the test mice was impaired when vHIP was inhibited ([Figure 3](#fig3){ref-type="fig"}D), the object recognition memory of the test mice remained intact ([Figure 3](#fig3){ref-type="fig"}F), which suggested that locomotion impairment caused by inhibition of vHIP does not affect the expression of memory.Figure 3Inhibition of HIP Does Not Affect Object Recognition Memory(A--C) Experimental procedures of novel/familiar object test with or without inhibition of vHIP.(D) Position tracking from representative mice during novel/familiar object when mice interact with novel object or familiar object.(E) Interaction times with familiar objects during test. The mice showed no preference between two identical familiar objects (n = 11).(F) Interaction times with novel object and familiar object. The mice showed significant preference to novel object (n = 7 mice, paired t test, \*p \< 0.05).(G) Interaction times with novel object and familiar object when vHIP was inhibited. The mice showed significant preference to novel object (n = 7, paired t test, \*p \< 0.05). ns, no significance. All results are presented as the means±s.e.m.

Activation of PV+~mPFC~ Rescued the Impairment of Social Memory Caused by Inhibition of vHIP {#sec2.4}
--------------------------------------------------------------------------------------------

Next, to explore how different types of GABAergic neurons in mPFC regulate the hippocampus-dependent social memory expression, we repeated the social discrimination test with vHIP silenced and activated the different types of GABAergic neurons in the mPFC to explore how GABAergic neurons in the mPFC affect social memory ([Figures 4](#fig4){ref-type="fig"}A--4C). To validate the specificity of ChR2 expression, we also performed the immunochemical staining against PV, SST, and VIP at the injection site of mPFC. We found that the ChR2 was strictly expressed in specific neuron types ([Figures 4](#fig4){ref-type="fig"}D--4F). During social discrimination test, we found that activating PV+~mPFC~ neurons but not SST+~mPFC~ (SST+ neurons in mPFC) can restore the social preference ([Figures 4](#fig4){ref-type="fig"}G--4I), which suggested that PV+~mPFC~ are one of the downstream targets of vHIP to convey and express social memory. Interestingly, we found that activation of VIP+~mPFC~ (VIP+ neurons in mPFC) had the opposite effects as the activation of PV+~mPFC~ neurons and caused the loss of social interactions during test ([Figure 4](#fig4){ref-type="fig"}I). Inhibition of somata in vHIP also impaired the locomotion of the mice ([Figures 4](#fig4){ref-type="fig"}J and 4K), which was consistent with the previous studies that hippocampus is crucial for regulating locomotion ([@bib4], [@bib7], [@bib11], [@bib8]). Surprisingly, we found that activation of PV+~mPFC~ when vHIP was silenced can rescue the locomotion impairment (15 mW, 20 Hz, 15 ms duration) ([Figures 4](#fig4){ref-type="fig"}J and 4K), whereas activation of VIP+~mPFC~ (VIP+ neurons in mPFC) can further suppress locomotion (15 mW, 20 Hz, 15-ms duration) ([Figure 4](#fig4){ref-type="fig"}J).Figure 4Activation of PV+~mPFC~ Rescued the Social Memory Impairment Caused by Inhibition of vHIP(A) Schematic of the experimental strategy. AAV-CaMKII-NpHR3.0-YFP was injected into vHIP to silence the activity of vHIP, whereas AAV-DIO-ChR2-mCherry was injected into mPFC to activate the activity of specific types of GABAergic neurons in the mPFC.(B) Experimental strategy of social discrimination test.(C) Timeline of social discrimination test.(D--F) Post hoc lesion analysis of the position of optical fibers for optogenetics and immunostaining to validate the specificity of ChR2 expression.(G and H) Position tracking from representative mice during social discrimination test with inhibition of vHIP and activation of PV+~mPFC~ or SST+~mPFC~.(I) Social interaction times with novel mice or littermates with light inhibition of vHIP and light activation of PV+~mPFC~, SST+~mPFC~ neurons, and VIP+~mPFC~ (paired t test, \*p \< 0.05, PV+, n = 5 mice; SST+, n = 7 mice, VIP+, n = 4 mice).(J and K) Inhibition of vHIP affects the traveling distance and speed of mice when exploring chambers. Activation of PV+~mPFC~ and VIP+~mPFC~ rescued and worsen the locomotion impairment caused by inhibition of vHIP, respectively (control group, n = 16 mice; vHIP inhibition group, n = 16 mice; PV-Cre mice, n = 5; VIP-Cre mice, n = 4; SST-Cre mice, n = 7. One-way ANOVA followed by Tukey\'s post hoc tests, \*p \< 0.05, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001). Scale bars in (D), (E), (F) are 200 μm and scale bars in (D1)--(D3), (E1)--(E3), and (F1)--(F3) are 50 μm. ns, no significance. All results are presented as the means±s.e.m.

Since activation of VIP+~mPFC~ had the opposite effects as the activation of PV+~mPFC~, we wondered whether inhibition of VIP+~mPFC~ can also rescue the social memory impairment caused by inhibition of vHIP. To test this hypothesis, we injected a Cre-dependent AAV virus expressing NpHR3.0 into the mPFC of VIP-Cre mice to silence the activity of VIP+~mPFC~. In the meantime, we employed chemogenetics to silence the activity of vHIP ([Figure 5](#fig5){ref-type="fig"}A). Then we assigned the test mice to social discrimination test to examine the social memory expression of the test mice ([Figures 5](#fig5){ref-type="fig"}B and 5C). After the test, post hoc lesion analyses were made to examine the NpHR3.0 expression in mPFC and hM4Di expression in vHIP ([Figures 5](#fig5){ref-type="fig"}D--5F). During the test, we found that intraperitoneal injection of saline did not affect the social preference of the test mouse toward the novel mouse ([Figures 5](#fig5){ref-type="fig"}G and 5J). However, when CNO was injected intraperitoneally to silence the activity of vHIP, the test mice lost their social preference and showed abnormal social memory expression ([Figures 5](#fig5){ref-type="fig"}H and 5J). After the injection of CNO, inhibition of VIP+~mPFC~ with 570-nm laser (20 mW, persistent inhibition) restored the social preference of the test mice ([Figures 5](#fig5){ref-type="fig"}I and 5J). Inhibition of vHIP with CNO also suppressed the locomotion of the test mice ([Figure 5](#fig5){ref-type="fig"}K), which was similar to optogenetics inhibition, whereas inhibition of VIP+~mPFC~ restored the normal locomotion ([Figure 5](#fig5){ref-type="fig"}K). These results indicated that the VIP+~mPFC~ performed the opposite role as the PV+~mPFC~ during regulating the expression of social memory.Figure 5Inhibition of VIP+~mPFC~ Also Rescued the Social Memory Impairment Caused by Inhibition of vHIP(A) Schematic of the experimental strategy. AAV-CaMKII-hM4Di-mCherry was injected into the vHIP to silence the activity of vHIP, whereas AAV-DIO-NpHR3.0-mCherry was injected into the mPFC to silence the activity of VIP+~mPFC~.(B) Experimental strategy of social discrimination test.(C) Timeline of social discrimination test.(D) The injection site in mPFC.(E) The injection site in vHIP.(F) The enlarged image boxed in (E) showing the expression of hM4Di in neurons in vHIP.(G--I) Position tracking from representative mice during social discrimination test with different experimental conditions.(J) Social interaction times with novel mice or littermates with different experimental conditions.(K) The traveling distance of the test mice during social discrimination test with different experimental conditions. Scale bar in (D) is 200 μm. Scale bar in (E) is 1 mm. Scale bar in (F) is 100 μm (for [Figure 5](#fig5){ref-type="fig"}J, paired t test, ns, p \> 0.05, \*p \< 0.05, \*\*p \< 0.01, n = 11 mice; for [Figure 5](#fig5){ref-type="fig"}K, one-way ANOVA followed by Tukey\'s post hoc tests, \*p \< 0.05, \*\*\*p \< 0.001, ns, p \> 0.05, n = 11 mice). ns, no significance. All results are presented as the means±s.e.m.

Previous studies have suggested that CNO can be converted to clozapine and affects the animal behavior ([@bib13], [@bib20]). To test whether administration of CNO alone can affect social behavior, we delivered CNO or saline to C57BL/6 mice through intraperitoneal injection and assigned the animals to social discrimination test ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2C). We found that administration of either saline or CNO did not affect the expression of social memory of the test mice ([Figures S2](#mmc1){ref-type="supplementary-material"}D--S2F). These results suggested that administration of CNO alone without hM4Di cannot affect social behavior.

Our results showed that activation of PV+~mPFC~ can rescue abnormal social behavior and locomotion. Given the robust effects on locomotion, it may be difficult to adequately discriminate between pure motor and social impairments resulting from the manipulations. To further prove that activation of PV+~mPFC~ can rescue pure social impairments, we further performed control experiments on PV-Flpo mice. We already showed that inhibition of hippocampal axon terminals in mPFC impaired social memory expression but did not affect locomotion ([Figures 2](#fig2){ref-type="fig"}H--2M), so we assumed that inhibition of hippocampal neurons that directly project to mPFC also impaired social memory expression and did not affect locomotion. Therefore, in our control experiment, we injected a Cre-dependent AAV virus expressing hM4Di into the vHIP of PV-Flpo mice ([Figure 6](#fig6){ref-type="fig"}A), a retrograde AAV expressing Cre was injected into the mPFC to provide Cre in vHIP for hM4Di expression([Figure 6](#fig6){ref-type="fig"}A). In the meantime, we also injected an flp-dependent AAV virus expressing ChR2 into the mPFC to activate PV+~mPFC~ ([Figure 6](#fig6){ref-type="fig"}A). Three weeks after the virus injection, we assigned the mice to social discrimination test ([Figures 6](#fig6){ref-type="fig"}B and 6C). After the test, post hoc lesion analyses were made to examine the ChR2 expression in mPFC and hM4Di expression in vHIP ([Figures 6](#fig6){ref-type="fig"}D--6F1). Our immunochemical staining results indicated that ChR2 was strictly expressed in PV+~mPFC~ ([Figure 6](#fig6){ref-type="fig"}E). In vHIP, we found that hM4Di was expressed in the pyramidal layers of the vHIP ([Figures 6](#fig6){ref-type="fig"}F and 6F1), which was consistent with our previous study that hippocampal neurons that directly project to mPFC located in the pyramidal layers ([@bib34]). During behavior test, we found that intraperitoneal injection of saline did not affect the social preference of the test mouse toward the novel mouse ([Figures 6](#fig6){ref-type="fig"}G and 6J). However, when CNO was injected intraperitoneally to silence the hippocampal neurons that project to mPFC, the test mice lost their social preference and showed abnormal social memory expression ([Figures 6](#fig6){ref-type="fig"}H and 6J). After the injection of CNO, activation of PV+~mPFC~ with 470-nm laser (15 mW, 20 Hz, 15-ms duration) restored the social preference of the test mice ([Figures 6](#fig6){ref-type="fig"}I and 6J). During all the manipulations, the locomotion of the test mice remained unaltered ([Figure 6](#fig6){ref-type="fig"}K). These results suggested that activation of PV+~mPFC~ can rescue pure social memory impairments.Figure 6Activation of PV+~mPFC~ Rescued the Social Memory Impairment Caused by Ventral Hippocampal-mPFC Pathway Inhibition(A) Schematic of the experimental strategy. AAV-DIO-hM4Di-mCherry was injected into the vHIP of PV-flpo mice to silence the ventral hippocampal-mPFC pathway. A viral mixture containing AAV-fDIO-ChR2-mCherry and retroAAV-Cre was injected into the mPFC of PV-flpo mice to activate PV+~mPFC~ and to provide Cre for AAV-DIO-hM4Di-mCherry expression in vHIP.(B) Experimental strategy of social discrimination test.(C) Timeline of social discrimination test.(D) The injection site in mPFC.(E) Immunostaining against PV to prove the specificity of ChR2 expression in mPFC.(F) The injection site in vHIP. (F1) The enlarged image boxed in (F) showing the expression of hM4Di in neurons in vHIP.(G--I) Position tracking from representative mice during social discrimination test with different experimental conditions.(J) Social interaction times with novel mice or littermates with different experimental conditions.(K) The traveling distance of the test mice during social discrimination test with different experimental conditions. Scale bar in (D) is 200 μm. Scale bar in (E) is 30 μm. Scale bar in (F) is 1 mm. Scale bar in (F1) is 100 μm (for [Figure 6](#fig6){ref-type="fig"}J, paired t test, ns, p \> 0.05, \*p \< 0.05, n = 7 mice; for [Figure 6](#fig6){ref-type="fig"}K, one-way ANOVA followed by Tukey\'s post hoc tests, ns, p \> 0.05, n = 7 mice). ns, no significance. All results are presented as the means±s.e.m.

Social Behaviors Preferentially Recruit PV+~mPFC~ {#sec2.5}
-------------------------------------------------

Our results have shown that PV+~mPFC~ are one of the downstream targets of vHIP to convey and express social memory. However, how different types of GABAergic neurons in the mPFC participate in social behavior is unclear. Previous studies have shown that PV+~mPFC~ participate in social behavior ([@bib33]). Whether other types of GABAergic neurons in the mPFC participate in social behavior needs to be further investigated. Here we used fiber photometry to explore how different types of GABAergic neurons in the mPFC respond to social behaviors. We injected Cre-dependent AAV expressing GCaMP6s into the mPFC and performed fiber photometry when mice interacted with novel mice or littermates ([Figures 7](#fig7){ref-type="fig"}A and 7B). We recorded the calcium signals of SST+~mPFC~ and the social interactions during SDT. Then we aligned the timeline of calcium signals to the timeline of social interactions. We found that the calcium transient duration and the number of interactions were highly aligned ([Figure 7](#fig7){ref-type="fig"}C). The number of calcium transient and the number of social interactions were also highly correlated ([Figure 7](#fig7){ref-type="fig"}D), which suggested that the activity of SST+~mPFC~ is related to social interactions. We recorded the activity of PV+~mPFC~ neurons and SST+~mPFC~ and found that both PV+ neurons ([Figures 7](#fig7){ref-type="fig"}E--7G) and SST+ neurons ([Figures 7](#fig7){ref-type="fig"}H--7J) in the mPFC responded to social interaction, whereas the VIP+~mPFC~ did not respond to social interaction ([Figures 7](#fig7){ref-type="fig"}K--7M). Although both PV+~mPFC~ neurons and SST+~mPFC~ responded to social interactions, the time window of response is not synchronized. PV+~mPFC~ neurons responded to social interactions after the social interactions happened, whereas SST+~mPFC~ neurons responded to social interactions before the social interactions happened ([Figures 7](#fig7){ref-type="fig"}N and 7O). When mice interacted with novel mice or littermates, the response of PV+~mPFC~ neurons or SST+~mPFC~ neurons showed no significant difference ([Figures 7](#fig7){ref-type="fig"}P and 7Q). However, the response of PV+~mPFC~ neurons is stronger than that of SST+~mPFC~ neurons ([Figure 7](#fig7){ref-type="fig"}R, **unpaired t test, p \< 0.01**), which indicates that social behaviors preferentially recruit PV+~mPFC~.Figure 7PV+~mPFC~ Neurons and SST+~mPFC~ Are Both Activated during Social Interactions(A and B) Fiber photometry recordings were performed on different types of GABAergic neurons in the mPFC during social interactions with novel mice or littermates.(C) An example results of fiber photometry recordings during 200 s showed the alignment between calcium signals and social interactions.(D) The correlation between numbers of social interactions and numbers of calcium transients.(E--E3) Post hoc lesion analysis of the position of optical fibers for fiber photometry and immunostaining to validate the specificity of GCaMP expression in PV+ neurons.(F) Heatmap of Ca^2+^ transients of PV+~mPFC~ during social interactions.(G) Average plots show that social interactions activated PV+~mPFC~.(H--H3) Post hoc lesion analysis of the position of optical fibers for photometry and immunostaining to validate the specificity of GCaMP expression in SST+ neurons.(I) Heatmap of Ca^2+^ transients of SST+~mPFC~ during social interactions.(J) Average plots show that social interactions activated SST+~mPFC~.(K--K3) Post hoc lesion analysis of the position of optical fibers for photometry and immunostaining to validate the specificity of GCaMP expression in VIP+ neurons.(L) Heatmap of Ca^2+^ transients of VIP+~mPFC~ during social interactions.(M) Average plots show that VIP+~mPFC~ did not respond to social interactions. Scale bars in (E), (H), and (K) are 200 μm; scale bars in (E1)--(E3), (H1)--(H3), and (K1)--(K3) are 50 μm.(N) Fiber photometry recordings were performed on PV+~mPFC~ during social interactions with novel mice or littermates (n = 6 mice).(O) Fiber photometry recordings were performed on SST+~mPFC~ during social interactions with novel mice or littermates (n = 5 mice).(P and Q) Quantification of peak DF/F signals recorded from PV+~mPFC~ and SST+~mPFC~ during social interactions with novel mice or littermates.(R) Quantification of peak DF/F signals recorded from PV+~mPFC~ neurons and SST+~mPFC~ neurons during social interactions with novel mice (unpaired t test, \*\*p \< 0.01). ns, no significance. All results are presented as the means±s.e.m.

Inhibition of vHIP Disrupts the Activity of PV+~mPFC~ but Not SST+~mPFC~ during Social Interactions {#sec2.6}
---------------------------------------------------------------------------------------------------

Both previous studies and our results have shown that inhibition of vHIP impaired normal social behavior ([@bib27]), whereas the GABAergic neurons in the mPFC are also crucial for social behaviors. However, how inhibition of vHIP affects the activity of GABAergic neurons in the mPFC is unclear. To examine how inhibition of vHIP affects the activity of GABAergic neurons in the mPFC, here we injected AAV expressing NpHR3.0 under control of CaMKII promoter to silence vHIP and Cre-dependent AAV expressing GCaMP6s into the mPFC to monitor the activity of GABAergic neurons in the mPFC during inhibition of vHIP ([Figure 8](#fig8){ref-type="fig"}A). We assigned the test mice to SDT and monitored the activity of GABAergic neurons in mPFC with vHIP silenced ([Figures 8](#fig8){ref-type="fig"}B and 8C). We found that, when vHIP was silenced, the response of PV+~mPFC~ to littermates was decreased compared with that to novel mice ([Figures 8](#fig8){ref-type="fig"}D--8F), whereas the activity of SST+~mPFC~ was unaltered ([Figures 8](#fig8){ref-type="fig"}G--8I). These results suggested that inhibition of vHIP disrupts the activity of PV+~mPFC~ but not SST+~mPFC~ during social interactions.Figure 8Inhibition of vHIP Disrupts the Activity of PV+~mPFC~ during Social Interactions(A) Schematic of the experimental strategy. AAV-CaMKII-NpHR3.0-YFP was injected into vHIP to silence the activity of vHIP, whereas AAV-DIO-GCaMP6s was injected into mPFC to monitor the activity of specific types of GABAergic neurons in the mPFC.(B) Experimental strategy of social discrimination test.(C) Timeline of social discrimination test.(D) Fiber photometry recordings were performed on PV+~mPFC~ during social interactions with novel mice or littermates with inhibition of vHIP (n = 6 mice).(E) Quantification of peak DF/F signals recorded from PV+~mPFC~ during social interactions with novel mice or littermates (paired t test, \*p \< 0.05).(F) Quantification of the area under curve of calcium signals recorded from PV+~mPFC~ during social interactions with novel mice or littermates (paired t test, \*p \< 0.05).(G) Fiber photometry recordings were performed on SST+~mPFC~ during social interactions with novel mice or littermates with inhibition of vHIP (paired t test, n = 5 mice).(H) Quantification of peak DF/F signals recorded from SST+~mPFC~ during social interactions with novel mice or littermates.(I) Quantification of the area under curve of calcium signals recorded from SST+~mPFC~ during social interactions with novel mice or littermates (paired t test, n = 5 mice). ns, no significance. All results are presented as the means±s.e.m.

Discussion {#sec3}
==========

In the present study, we discovered that vHIP can innervate three major types of GABAergic neurons in the mPFC ([Figure 1](#fig1){ref-type="fig"}) and convey social memory to PV+~mPFC~ neurons. Inhibition of vHIP or direct hippocampal projections to mPFC impaired social memory but not object recognition memory ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}). Activation of PV+~mPFC~ can rescue the social memory and locomotion impairment caused by inhibition of vHIP ([Figures 4](#fig4){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Both PV+~mPFC~ neurons and SST+~mPFC~ responded to social interactions, and social behaviors preferentially recruit PV+~mPFC~ neurons ([Figure 7](#fig7){ref-type="fig"}). Moreover, inhibition of vHIP disrupted the activity of PV+~mPFC~ neurons but not SST+~mPFC~ ([Figure 8](#fig8){ref-type="fig"}). Based on our results, we came up with a new circuitry mechanism of how vHIP-mPFC interaction affects social memory and locomotion.

Possible Circuitry Mechanisms of How vHIP-mPFC Interaction Affects Social Memory and Locomotion {#sec3.1}
-----------------------------------------------------------------------------------------------

Previous studies have shown that pyramidal neurons in mPFC that target multiple subcortical areas such as ACB, MD, and PAG are critical for social behavior ([@bib3], [@bib26], [@bib10]). Activation of pyramidal neurons in the mPFC that project to subcortical areas impaired normal social behavior ([@bib3], [@bib26]), whereas another study reported that vHIP can project to mPFC and drive feedforward inhibition onto pyramidal neurons via PV+~mPFC~ ([@bib23]). Loss of hippocampal inputs to mPFC will lead to evaluated excitability of pyramidal neurons and impaired contextual fear memory recall. Activation of PV+~mPFC~ can restore normal contextual fear memory relapse. It is very likely that the vHIP projections to pyramidal neurons in mPFC was dominated by feedforward inhibition driven by PV+~mPFC~ ([@bib23]). The PV+~mPFC~ can be activated by vHIP to inhibit the pyramidal neurons in mPFC that project to subcortical areas such as ACB, MD, and PAG to maintain normal social behavior, whereas inhibition of vHIP retracted the excitatory driving force of PV+~mPFC~ and may lead to evaluated cellular E/I imbalance within the mouse medial prefrontal cortex, which can lead to profound impairment of mPFC functions ([@bib40]). Pyramidal neurons in mPFC also received monosynaptic inputs from vHIP ([@bib5], [@bib30]). A recent study reported that, in a mouse model of autism with severe social behavior impairment, the vHIP formed stronger synaptic connections with layer V pyramidal neurons in mPFC and led to an elevated activity of pyramidal neurons in mPFC ([@bib30]). Inhibition of pyramidal neurons in mPFC of mouse model of autism can restore the normal social behavior. These findings are also consistent with the hypothesis that evaluated cellular E/I imbalance within mPFC can lead to social behavior impairment.

On the other hand, functional studies have suggested that the maintenance of normal functions of hippocampus-mPFC circuitry rely on the synchronization firing between two brain areas ([@bib6], [@bib32]). Inhibition of vHIP may disrupt the synchronization firing between hippocampus and mPFC, which led to abnormal behaviors, whereas activation of PV+~mPFC~ can inhibit the activity of mPFC, which may synchronize the activity of hippocampus and mPFC again and rescues the functional impairment. Previous functional study on human has shown that hippocampus and neocortical inhibition are essential for memory separation ([@bib16]), whereas our study further demonstrated that activation of PV+~mPFC~ by hippocampus is critical for expression of social memory.

Our results also showed that inhibition of vHIP affected locomotion but inhibition of hippocampal fibers in the mPFC did not affect locomotion ([Figure 2](#fig2){ref-type="fig"}). These results suggested social memory and locomotion information flow from vHIP to mPFC through separated pathways, whereas these information was finally convergent to PV+~mPFC~. The VIP+ neurons are known to drive disinhibition in the cortex ([@bib31]). In our results, we found that activation of VIP+~mPFC~ can further suppress social interactions and locomotion during inhibition of vHIP ([Figure 2](#fig2){ref-type="fig"}), whereas inhibition of VIP+~mPFC~ can restore social memory expression, which suggested that activation of VIP+~mPFC~ may cause more inhibition onto PV+~mPFC~ to worsen the normal social interactions and locomotion. Previous studies have shown that the glutamatergic inputs from medial septum to hippocampus are essential for regulating locomotion ([@bib8], [@bib11]). Several downstream areas of hippocampus such as lateral and medial septum, retrosplenial cortex, and entorhinal cortex are involved in locomotion regulation ([@bib8]). These areas can send direct monosynaptic inputs to PV+~mPFC~([@bib34]). Therefore, these brain areas can be the candidate brain areas that carry the locomotion information from hippocampus to PV+~mPFC~.

The Roles of PV+~mPFC~ Neurons and SST+~mPFC~ during Social Interactions {#sec3.2}
------------------------------------------------------------------------

Our results suggested that both PV+~mPFC~ neurons and SST+~mPFC~ responded to social behaviors ([Figure 7](#fig7){ref-type="fig"}); however, the response of PV+~mPFC~ neurons are stronger than that of SST+~mPFC~. Specially, we found that the time window of response between PV+ neurons and SST+ neurons is not synchronized ([Figure 7](#fig7){ref-type="fig"}). A previous study using reward foraging task also showed that PV+~mPFC~ neurons and SST+~mPFC~ responded differently to reward signals ([@bib17]). PV+~mPFC~ neurons responded strongly during reward zone exit, whereas SST+~mPFC~ neurons responded strongly during reward zone entry. Social interactions are often considered as mild reward. Thus, our results were consistent with the previous study, which suggested that SST+~mPFC~ neurons and PV+~mPFC~ responded strongly before and after reward, respectively.

Our optogenetics results showed that activation of PV+~mPFC~ but not SST+~mPFC~ can rescue the social memory expression impairment caused by inhibition of hippocampus. Calcium dynamics of these two types of neurons during social interactions also showed that social interactions preferentially recruited PV+~mPFC~. Activation of VIP+~mPFC~ during SDT with vHIP silenced have the opposite effects as the PV+~mPFC~ neuron activation and can cause the loss of social interactions during the test. Fiber photometry results also showed that during social interaction, VIP+~mPFC~ showed little response. These results showed that PV+~mPFC~ are more essential for social behaviors, whereas the SST+~mPFC~ neurons and VIP+~mPFC~ may play more critical roles in other functions, such as spatial working memory ([@bib1]) and anxiety ([@bib18]).

Several studies have suggested that PV+~mPFC~ are critical for social behavior ([@bib9], [@bib33], [@bib40]). Our results also indicated that PV+~mPFC~ are essential for hippocampus-dependent social memory expression. However, our results along with other studies suggested that PV+~mPFC~ do not differentially respond to the novel or familiar mouse ([@bib33]), which implied that PV+~mPFC~ are not social discriminators but are critical for modulation of social discriminators. In previous studies, PV+~mPFC~ have been shown to be critical for social behavior in pathophysiological conditions ([@bib9], [@bib33], [@bib40]). However, under normal conditions, optogenetical manipulation of PV+~mPFC~ did not affect social behaviors ([@bib40]), which further implied that PV+~mPFC~ are not social discriminators but are critical for modulation of social discriminators. Considering that PV+~mPFC~ are critical for modulating the excitability of pyramidal neurons to maintain the normal social functions of mPFC ([@bib23], [@bib9]), it is likely that the subgroups of pyramidal neurons in mPFC played the role of social discriminator.

Inhibition of vHIP and Model of Autism {#sec3.3}
--------------------------------------

In our results, we found that inhibition of vHIP can disrupt the normal activity of PV+~mPFC~ and lead to a decreased response to littermates ([Figure 8](#fig8){ref-type="fig"}). Interestingly, this phenomenon was also observed in a mouse model of autism with abnormal social behavior ([@bib33]). A recent study also found that, in a mouse model of autism, the hippocampus-mPFC pathway was altered and led to the abnormal social behaviors of mice ([@bib30]). These results along with our findings suggested that the vHIP-mPFC circuitry and PV+~mPFC~ can become new treatment targets for autism like neuropsychiatric disorders.

Limitations of the Study {#sec3.4}
------------------------

In the present study, we used the NpHR to inhibit the vHIP and ChR2 to activate the specific GABAergic neurons in mPFC in the same brain. It is likely that optogenetic stimulation of the mPFC with a 470-nm laser will simultaneously activate hippocampal fibers in mPFC that express NpHR, although it is likely that the 470-nm activation of the cell bodies of the interneurons would override this effect. Using chemogenetic viral tools in combination with optogenetic viral tools may overcome this limitation.

On the other hand, owing to the limitation of current techniques, it remained unclear whether the hippocampal neurons that target different types of neurons in mPFC are the same neurons or different neurons. For example, the hippocampal neurons that target PV+~mPFC~ may also target other interneuron subtypes or even pyramidal neurons in mPFC. Therefore, when we manipulated the hippocampal neurons, the activity of multiple types of neurons in mPFC may be affected, which made the effects of manipulations in the present study not intuitive. In future studies, new techniques and tools are required to further deconstruct the hippocampal-mPFC pathway. If we can isolate and target the hippocampal neurons that project to the single specific types of neurons in mPFC alone, we can study the functions of hippocampal-mPFC pathway in a more transparent manner.

In general, we explored the functional contributions of hippocampus-mPFC circuitry on social behaviors. Our results suggested that vHIP can transfer social memory to PV+~mPFC~. Activation of PV+~mPFC~ can rescue the social memory impairment caused by inhibition of vHIP. Inhibition of hippocampus also disrupted the normal activity of PV+~mPFC~. Taken together, our results revealed a new mechanism of how vHIP and mPFC regulate social behavior and provided a new potential treatment target for neuropsychiatric disorders.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1 and S2
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